(A) Identification of RNF20 and RNF40 in ATM-associated protein complexes.
ATM-associated complexes were isolated as described in Methods and proteins visualized using gel electrophoresis followed by silver staining. (A) Left panel: Proteins obtained in this way from wild-type human lymphoblasts. The different lanes represent pools of fractions obtained using column chromatography. The numbered bands represent proteins that were pulled down from wild type but not A-T cells. Bands 7 and 8 were identified as RNF40 and RNF20, respectively. Other DDR proteins in this complex were RAD50 (band #4) and MLH1 (band #14). Three other proteins turned out to be novel ATM substrates (work in progress). Right panel:
Similar experiment carried out using a negative control -A-T lymphoblasts, which are devoid of endogenous ATM.
(B) Nuclear localization of RNF 40 and RNF20, and the specificity of polyclonal and monoclonal antibodies against these proteins in immunostaining assay, demonstrated in HeLa cells in which expression of each protein was knocked down using RNA interference. siRNA against GFP was used as control. Scale bar: 10 µm. Figure S2 (A and B) Microscopic images of γH2AX (A) and 53BP1 (B) foci observed in HeLa cells transfected with siRNA against GFP or RNF20, at various time points after treatment with 1 Gy of ionizing radiation. Scale bar: 10 µm.
(C) Effect of RNF20-RNF40 depletion on the recruitment to damage sites of ectopic MDC1 and RNF8. U2-OS cell lines stably expressing GFP-tagged RNF8 and MDC1 (Mailand, Bekker-Jensen et al. 2007 ) were transfected with siRNA against GFP (siCTRL) or siRNA against RNF20 (siRNF20), and the experiment was carried out 72 hr later. The western blot shows the extent of RNF20 knockdown in the two cell lines. The cells were microirradiated as described before (Salton, Lerenthal et al. 2010 ) and images were captured at the indicated time points. Scale bar: 10 µm. For FRAP analysis, images were acquired in a 15sec interval, analyzed using the ImageJ FRAP profiler plug-in (http://www.macbiophotonics.ca/imagej/) and the data are presented as curve-fitted graphs.
(D) Recruitment to damage sites of endogenous MDC1 and RNF8 in U2-OS cells knocked down for RNF20, at the indicated time points following laser microirradiation. Microirradiated cells were stained at the indicated times with antibodies against the tested proteins. Scale bar: 10 µm.
(E) Incorporation of ectopic histone H2B into chromatin. GFP-or mCherry-tagged histone H2B in wild-type and mutant (K120R/K125R) versions were expressed in HeLa cells, cellular extracts were fractionated as described in the Supplemental Methods, and aliquots of the subcellular fractions were blotted with antibodies against RNF20 and histone H2B. Endogenous and ectopic H2B were distinctly detected due to their size difference.
(F) FLAG-tagged histone H2B was expressed in HEK293 cells, and the histone fraction was isolated as previously described (Shechter, Dormann et al. 2007 ). The fractions were blotted with an anti-FLAG antibody.
(G) mCherry-tagged wild-type and mutant (K120R/K125R) histone H2B were expressed in HeLa cells. Figure S4 (A, B) Mapping ATM target sites on RNF20 and RNF40 using an in vitro kinase assay. Representative experiments are shown. ATM was immunoprecipitated from wild-type human lymphoblasts, with A-T lymphoblasts serving as negative control. The ATM kinase assay was employed as previously described (Ziv, Bielopolski et al. 2006 ). Substrates were GST-fused fragments of RNF20 and RNF40 containing candidate ATM phosphorylation sites (SQ or TQ motifs).
(A) A fragment spanning residues 86-202 in RNF20 (SQ 123 ) served as a substrate in its wild-type version, and in mutant versions in which serine residues in candidate ATM target sites (S97, S172 and S185) were replaced by alanines. ATM-mediated phosphorylation of this fragment is on S172.
(B) Similar analysis in which the substrate is a fragment of RNF40 spanning positions 86-137 (SQ1). Candidate ATM targets in this fragment are S114 and T127. ATM phosphorylates S114.
(C) Assessment of the Fraction of cellular RNF20 that is phosphorylated on Ser172 following DNA damage.
Human lymphoblasts were treated with 200 ng/ml of NCS, and phosphorylated RNF20 was immunoprecipitated from cellular extracts using increasing amounts of antibody against pS172/RNF20. The immune complexes and the corresponding supernatants were blotted with anti-RNF20 antibody. The input blot represents 1.5% of the protein amount used for immunoprecipitation. Note the saturation of the immunoprecipitation reaction and the lack of detectable RNF20 depletion from the supernatant remaining after immunoprecipitation. Fig. 3D were blotted with the indicated antibodies.
(B) U2-OS cells were micro-irradiated as in Fig. 5B and immunostained with the indicated antibodies. Note the RNF20-independent increase in staining density of H3K79Me3 along damage tracks. Scale bar: 10 µm.
(C) Similar experiment as in Fig. S6B carried out using cells expressing ectopic mCherry-tagged wild-type or mutant (K120R/K125R) histone H2B. The cells were stained with antibodies against H3K79Me3 or H3K4Me2.
The mCherry fluorescence was bleached in the micro-irradiated areas. Scale bar: 10 µm.
Supplemental Experimental Procedures Antibodies
Generation of the α-mUbH2B antibody was previously described (Minsky, Shema et al. 2008) . Polyclonal antibodies against RNF20 and RNF40 were raised in rabbits using a peptide spanning positions 540-565 of RNF20 and a recombinant fragment of RNF40 spanning positions 1-250. Monoclonal antibodies against RNF20 and RNF40 were established in collaboration with Sigma-Aldrich against peptides spanning positions 540-565 of RNF20 (R8904) and 548-564 of RNF40 (R9029). Phospho-specific antibodies against pS172 and pS553 of RNF20 and pS114 of RNF40 were raised by Bethyl Laboratories (Montgomery, TX; not catalogued yet). The antibody against phosphorylated KAP-1 (Ziv, Bielopolski et al. 2006 ) was produced by Bethyl Laboratories (A300-767A). α-53BP1 antibody was a gift from T. Halazonetis. α-MDC1 antibody was a gift from M. Goldberg. α-RNF8 antibodies were gifts from M. Huen and N. Mailand. The α-ATM monoclonal antibody MAT3 was established in our lab (Banin, Moyal et al. 1998) and is now available from Sigma-Aldrich (A1106). We also used rabbit anti-MRE11(de Jager, Dronkert et al. 2001) , rabbit anti-RAD54 (Essers, Hendriks et al. 1997) , and rabbit anti-DNA-PKcs (van der Burg, van Veelen et al. 2006) . Additional commercial antibodies are α-γH2AX (Bethyl Laboratories Inc., Montgomery, TX, A300-081A)), α-H2B (Upstate Biochemicals, NY, EP957Y), mouse α-BRCA2 (Calbiochem, EMD Chemicals, Gibbstown, NJ, Ab-1), rabbit α-RAD51 (BD Biosciences Pharmingen, San Diego, CA, PC130T), rabbit anti-XRCC3 (Abcam, ab15254), mouse anti-RPA34 (Abcam, ab61184), goat anti-NBS1 (Santa Cruz Biotechnology, Santa Cruz, CA, sc-8580), rabbit anti-XRCC4 (Abcam, ab82857), goat anti-KU86 (Santa Cruz Biotechnology, sc-135964), and goat anti-KU70 (Santa Cruz Biotechnology, sc-27169). The following antibodies were used for immunofluorescence: mouse α-BRCA2 (Calbiochem, Ab-1), mouse α-RPA34 (Calbiochem, Ab-2), mouse α-γH2AX (Millipore, Danvers, MA, , rabbit α-RAD51 (Essers, Hendriks et al. 2002) , rabbit α-53BP1 (Novus Biologicals, St.
Charles, MO, NB100-904), rabbit α-H3K4Me2 (Millipore, 07-030), rabbit α-H3K4Me3 (Millipore, 17-678), rabbit α-H3K79Me2 (Abcam, ab3594), rabbit α-H3K79Me3 (Abcam ab2621) and relevant Alexa flour secondary antibodies (Molecular Probes, Invitrogen, Carlsbad, CA).
Isolation of ATM-Associated Proteins
Lymphoblastoid cell lines from a healthy donor and an A-T patient (cells devoid of ATM) were grown en mass and nuclei were isolated from 1X10 10 cells. Nuclear extracts were chromatographed on cation exchange resin (RESOURCE S, Pharmacia). ATM-containing fractions (determined using western blotting analysis) from the control cells were pooled, with the same fractions from A-T cells serving as negative control. The pool was passed through an anion exchange column (RESOURCE -Q, Pharmacia), and ATM-containing fractions were passed through a gel filtration column (Superose 6, Pharmacia). ATM-associated complexes were finally obtained by immunoprecipitation with an antibody against ATM. The immune complexes were separated on polyacrylamide gels and protein bands were visualized using silver staining. Bands that appeared in control cells but not in A-T cells were excised from the gel, the proteins were digested in-gel with trypsin , and the resulting peptides were analyzed by nanoelectrospray tandem mass spectrometry ) using a prototype quadrupole-time-of-flight tandem mass spectrometer (QSTAR, Applied Biosystems). Peptide sequence tags (Mann and Wilm 1994) were constructed from the tandem mass spectra and searched against the non-redundant protein database maintained at the European Bioinformatics Institute using the program PeptideSearch (European Molecular Biology Laboratory). Peptide identification was manually verified by matching the calculated fragment ion masses to signals observed in the respective tandem mass spectra.
Cell Cycle Analysis Using Flow Cytometry
The cells were harvested and prepared for flow cytometry as previously described (Vindelov and Christensen 1990) . Flow cytometry analysis was carried out using a FacsCalibur flow cytometer (Becton Dickinson) and the data were analyzed using "FCS Express 4.0" (De Novo Software, Los Angeles, CA).
